MATERIALS AND METHODS

Chemicals
Acrylamide monomer, N,N'-methylenebisacrylamide, special pure grade sodium dodecyl sulfate (SDS), N-ethylmaleimide (NEM) and glutaraldehyde were obtained from Nakarai Chemicals, Kyoto. Trizma base, diamide and bovine serum albumin (BSA) were supplied from Sigma, and o-phenanthroline, copper standard solution (1,000 ppm) and 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) were from Wako Chemicals, Osaka. CuSO4 5H20, LaCl3.7H20 and glycine were obtained from Katayama Chemical Industries, Osaka, and ouabain was from Merck. Unless otherwise stated, all other chemicals were of analytical grade. To investigate whether or not the changes induced by SH-oxidizing agents are rever sible, CuP-treated cells were washed three times with the agent-free medium, and these erythrocytes were further incubated for 3 hr in Krebs-Henseleit bicarbonate Ringer solution containing glucose and BSA at the same concentration or in isotonic phosphate buffered-saline (pH 7.4). 
Incubation of erythrocytes
Morphology of erythrocytes
For scanning electron microscopy , a few drops of red cell suspension were fixed in 0.75% glutaraldehyde in 0.1 M phosphate buffer (pH 7 .4), washed three times in 0.1 M phosphate buffer, dehydrated in a series of ethanol and finally in acetone. A drop of cell suspension was air-dried on a glass plate , coated with a thin layer of gold-palladium using an Eiko IB-3 ion coater, and examined in a JEM-F7 scanning electron microscope .F or rapid examination of erythrocyte shape changes , erythrocyte suspension fixed in 0 .75% glutaraldehyde was examined in a Nikon differential interference microscope .
Intracellular reduced glutathione (GSH) contents
Erythrocyte GSH levels were determined by the method of Beutler et al . (1963) . Before and after incubation, erythrocytes were carefully washed in the agent-free medium to remove platelets, leucocytes and SH-reagent . After incubation, erythrocytes were washed four times with Krebs-Henseleit bicarbonate Ringer solution (pH 7.4) containing 1% BSA. One ml of packed cells of measured hematocrit was extracted with 2 ml of 20% trichloroacetic acid (TCA). The supernatant was carefully taken by decantation and distilled water was added to make the final volume to 10 ml. To determine the copper concentration in erythrocyte membrane, ghosts were separated by centrifugation befor extraction with TCA. Copper contents were measured in a Hitachi atomic absorption spectrophotometer at 324.8 nm. Working standards were prepared from a stock copper solution (1,000 ppm).
Preparation of erythrocyte membranes (ghosts)
Erythrocyte calcium concentration
For extraction of calcium, the erythrocytes were washed with isotonic Tris-NaCl solution (pH 7.4), and then similarly extracted with 20% TCA as was done for the determi nation of erythrocyte copper contents.
To each sample, 100 ppm LaCl3 was added before measurement in the same atomic absorption spectrophotometer at 422.7 nm. Standard solution was made by dissolving and diluting CaCO3 solution with demineralized distilled water. All glasswares were rinsed well with demineralized distilled water before use to avoid the contamination.
RESULTS
Erythrocyte shape changes
By scanning electron microscopy, no remarkable shape changes were found in the erythrocytes treated with o-pbenanthroline, copper and NEM in the presence of BSA (Fig. 1) . The erythrocytes treated with Cup or diamide underwent echino cytic transformation, which was almost completely prevented by the pretreatment of the cells with NEM (Fig. 2) . When the erythrocytes were pretreated with vin blastine, which is one of the stomatocytogenic agents and is shown to expand erythrocyte membrane in the same way as many non-specific lipid-soluble cationic drugs (Seeman et al. 1973 ), CuP-induced echinocytic transformation was also blocked (Fig. 3) . The restoration of biconcave shape of CuP-, or diamide-induced echinocytes was not possible by the further incubation of the cells in a drug-free medium up to 180 min. In the absence of BSA, echinocytic transformation by CuP was pronounced, and copper alone could induce echinocyte formation (Fig. 4) . This suggested the protective effect of BSA against drug-induced erythrocyte shape changes.
Immediately after incubation, pH of the erythrocyte suspension remained between 7.6 to 7.8 in all systems. Thus the shape changes observed in this study was attributed to the effects of drugs, but not due to the pH-dependent shape changes.
Intracellular GSH levels Table 2 shows the effects of various agents on the intracellular GSH level . There were no significant abnormalities in the electrophoretic pattern of membrane proteins obtained from erythrocytes treated with o-phenanthroline or copper, compared with that from control cells. In the ghosts from CuP-treated cells, bands 1, 2, 3, 4, 6 and globin were diminished and new bands grew up reciprocally on the top of the gel (complex A) and the region between the band 2 and band 3 (complex B) as shown in Fig. 5 . The apparent molecular weight of complex A was estimated to be over 5.0 X 105, and complex B 1.7 X 105, from their relative mobility assuming a molecular weight of 2.4 x 105 for band 1, 2.2 X 105 (Steck 1974) . When the erythrocytes were further incubated for 180 min in agent-free medium containing 1% BSA, these changes were irreversible (Fig. 6) . The ghosts obtained from diamide-treated cells revealed cross-linked products at the top of the gel, corresponding to complex A seen in CuP-treated erythrocyte membranes.
Complex B, however, was not formed by the treatment with diamide (Fig. 5 ).
As shown in Fig. 7 The pretreatment of erythrocytes with o-phenanthroline followed by the incubation with copper did not increase the intracellular copper content significantly. The presence of NEM or diamide did not enhance the copper accumulation in the cells. In CuP-, and copper-treated cells, copper concentration in erythrocytes was increased in proportion to copper concentration in the medium (Fig. 8) . But the copper level in CuP-treated erythrocytes was significantly higher than that of the erythrocytes incubated with copper alone. These results suggested Although Krebs-Henseleit bicarbonate Ringer solution contained 2.5 mM calcium, intracellular calcium contents were not increased by the treatment with copper, o-phenanthroline or CuP (Table 5 ). Kumar et al. (1978) demonstrated the formation of superoxide anions during the interaction of cupric ions with erythrocyte membranes, suggesting that the hemolysis associated with the release of unbound copper may result primarily from the interaction of copper with the erythrocyte membrane rather than from its inhibitory effects on in tracellular enzymes. Salhany et al. (1978) have presented the results which suggest direct oxidation of human erythrocyte membrane SH-groups by cupric ion leading to the formation of disulfide links among the membrane proteins. These results, however, are mainly concerned with the interaction between membrane preparations and copper, and it remains undetermined whether similar phenomenon occurs in the intact erythrocyte, which contains a potent reducing agent, glutathione. Adams et al. (1979) , on the other hand, have reported that toxic concentrations of copper reduce erythrocyte deformability prior to the denaturation of hemoglobin due to oxidative damage. The reduction of cell deformability is associated with a marked increase in membrane permeability and osmotic fragility of copper-treated cells, but not with the reduction in cell ATP levels. They emphasize the loss of cell deformability as a major mechanism of hemolysis associated with copper intoxication in vivo. However, the incubation medium used in their experiments contained glucose, but albumin was not added. As described in the present study and will be discussed later, albumin has protective effects against copper-induced shape changes and the plasma of the normal subject contains albumin. Therefore, it seems impossible to account for the copperinduced hemolysis by their suggestion alone.
In the present experiments, it was noted that a toxic concentration of copper had no effects on erythrocyte GSH levels and shape when 1% BSA was present in the incubation medium. On the contrary, slight fall in GSH level and marked echinocytic shape changes were observed in the absence of BSA. When the cation contents were compared, it was apparent that copper did alter membrane permeability of erythrocytes to cations in the absence of BSA as evidenced by accumulation of sodium and loss of potassium. These findings suggest that the cytotoxicity induced by copper can be partially inhibited by albumin, and free copper may have severe deleterious effects on human erythrocytes. Human serum albumin, like BSA, possesses a specific copper-binding site (Bradshaw and Peters 1969; Evans 1973 ). Though exact mechanism by which albumin protects the erythrocyte against copper-induced membrane changes is not determined, it seems probable that the binding of albumin with copper with resultant reduction of free copper and cupric ion in the medium has an important implication in this mechanism. It is shown that EDTA can inhibit copper-induced cross-linking of membrane polypeptides (Salhany et al. 1978) . Dogs are known to be extremely susceptible to copper intoxication as a result of absence of a specific copper-binding site in their albumin (Appleton and Sarkar 1971) . It is shown that, as Wilson's disease progresses, the copper-binding sites in the liver become saturated resulting in an elevated level of non-ceruloplasmin bound serum copper and increased copper excretion in the urine (Evans 1973) . At this stage, it was recognized that copper accumulation in erythrocytes occurred and hemolysis developed (Deiss et al. 1970 ). These in vitro and in vivo observations support the assumption that free copper may have a significant role in the development of hemolysis associated with high copper levels in the plasma.
To obtain more insight in the mechanism by which copper induces erythrocyte damage, copper -o-phenanthroline complex (CuP) was used in the present study. When intact erythrocytes were incubated with CuP, more drastic changes in cell shape, intracellular GSH level, membrane permeability to cations and perturbation of membrane proteins were observed than those by copper alone. It was reported by Kobashi and Horecker (1967) that o-phenanthroline, a well-known metal chelator, caused the inactivation of crystalline rabbit muscle aldolase , and this effect was found to be due to the ability of o-phenanthroline and traces of cupric ion to catalyze the air-oxidation of SH-groups in the enzyme with the formation of disulfide. Subsequently, Kobashi (1968) studied the mechanism of catalytic oxidation by CuP, and found that CuP-induced oxidation was prevented by metal ions that bind o-phenanthroline, as well as by reagents that chelate copper ions . In addition, it was suggested that o-phenanthroline has the dual action as a metal chelator and a catalyst for oxidation of SH-groups in the presence of trace amount of copper ion. In the present experiments, o-phenanthroline alone caused no oxidizing effects on erythrocytes despite the presence of trace amount of copper in the cell. The most critical change induced by copper or CuP seems to occur in the membrane.
In particular, cross-linking of membrane polypeptides may have much implication in the mechanism of membrane dysfunction.
It is widely accepted that chemical cross-linking of nearby peptides represents one approach to study the geometrical arrangement of membrane proteins (Peters and Richards 1977) . Steck (1972) undertook the first systematic investigation of chemical cross-linking of human erythrocyte ghosts using a variety of agents.
He showed that CuP cross-linked spectrin extensively, and band 3 to some extent. Essentially similar results were reported by Wang and Richards (1974) who used the twodimensional reducing gel electrophoresis system.
In the present study, incubation of intact erythrocytes with CuP produced the high molecular weight complexes, probably composed of polymer of spectrin, and dimer of band 3. Recently, it has been shown that cross-linking of membrane proteins takes place in glucose-6-phosphate dehydrogenase-deficient erythrocytes (Allen et al. 1978) , ATP-depleted erythrocytes (Palek et al. 1978a) , erythrocytes with increased intracellular calcium (Palek et al. 1978b) , and the cells from the patients with beta-thalassemia (Kahane et al. 1978) . These observations suggest a close relationship between cross-linking of membrane proteins and destruction of erythrocytes in vivo.
A possible association of reduced erythrocyte deformability (Fischer et al. 1978) or inhibition of membrane protein phosphorylation (Hosey et al. 1978 ) with cross-linking of membrane proteins by SH-oxidizing agents has been proposed. In the present study, it was very tempting to assume that cross-linking of membrane proteins, mainly involving spectrin, may be related to echinocytic shape changes of erythrocytes. When the erythrocytes were preincubated with NEM, both crosslinking of spectrin and shape changes were partially blocked. This suggested a cause-and-effect relationship between perturbation of spectrin arrangement and loss of biconcave shape of normal erythrocytes. However, prior treatment of the cells with vinblastine also had the ability to restore the echinocytes to biconcave disc shape. Because vinblastine is shown to expand erythrocyte membrane in the same way as many non-specific cationic drugs (Seeman et al. 1973 ) and does not inhibit cross-linking of membrane polypeptides by CuP, the direct relationship between these two phenomena seems to be unlikely. To explain the effects of drugs on the shape of human erythrocytes, Sheetz and Singer (1974) have proposed the hypothesis that membranes whose proteins and polar lipids are distributed asymmetrically in the two halves of the membrane bilayer can act as bilayer couples, i.e., the two halves can respond differently to a perturbation. It is also proposed that anionic drugs intercalate mainly into the lipid in the exterior half of the bilayer, expand that layer relative to the inner half, and thereby induce the cell to crenate (echinocyte formation), while permeable cationic drugs, such as vinblastine, bound to the inner half and cause the cell to form stomatocytes. This bilayer couple hypothesis has been further supported by their subsequent experiments . According to this hypothesis, CuP-induced echinocyte formation is not related to the binding of copper to the membrane, because copper has the positive charge and should induce stomatocytes by binding to the inner half of the bilayer. This was also denied from the result of copper determination in the membrane . A large amount of copper was demonstrated in the cytosol and not in the membrane as shown in Table 4 . It is widely accepted that accumulation of calcium results in the discocyte-echinocyte transformation and the formation of membrane protein polymer enriched in spectrin (Palek and Liu 1979) . In the present experiment, calcium was not increased in the erythrocyte treated with CuP , and CuP-induced echinocyte formation was not related to calcium accumulation .
There are increasing lines of evidence that support the asymmetrical dis tribution of the proteins as well as the phospholipids in the biomembranes . It is shown that phosphatidylcholine and sphingomyelin are concentrated in the outer half of the bilayer, and phosphatidylethanolamine and phosphatidylserine in the cytoplasmic half (Verkleij et al . 1973 ). Haest and Deuticke (1976) have demon strated that treatment of human erythrocytes by reagents capable of oxidizing SHgroups to disulfide renders phosphatidylserine, a phospholipid supposed to be entirely located in the inner lipid layer of the membrane , susceptible to hydrolysis by pancreatic phospholipase A2. They have postulated that disulfide bond forma tion between membrane protein SH-groups leads to an alteration in protein -lipid interactions and consequently induces a reorientation of phospholipids between the inner and the outer membrane bilayer . Recently, they reported that phospholipase A2 cleaved approximately 30% of the phosphatidyl serine and 50% of the phosphatidylethanolamine after treatment of intact human erythrocytes with SH-oxidizing agents. It has been suggested that the enhancement of the phospholipid cleavage is accompanied by a decreae of membrane SH -groups and a cross-linking of spectrin, which is located at the cytoplasmic surface of the membrane. In addition, they indicated that cross-linking of spectrin enables these two phospholipids to move from the inner to the outer lipid layer of the erythrocyte membrane, and spectrin stabilizes the orientation of these phospholipids to the inner surface of the membrane in the native erythrocytes . Because there was no detectable inward movement of sphingomyelin or phosphatidylcholine in their study, on the basis of the bilayer couple hypothesis (Sheetz and Singer 1974) , it will be expected that the outer layer is expanded relative to the inner half , and thereby induce the cell to transform into echinocytes . The present observations support the assumption of Haest et al. (1976 Haest et al. ( , 1978 , because vinblastine, a cationic drug, is capable to restore the biconcave shape of echinocytes induced by CuP. Therefore, it seems likely that echinocytes induced by CuP or diamide are not directly caused by the cross-linking of spectrin, but through the perturbation of spectrin-phospholipid interactions.
It is known that the human erythrocyte membrane in highly permeable to water and small anions but sparingly permeable to cations, and that the maintenance of the low permeability of the cell membrane to cations requires the integrity of certain SH-groups in the membrane (Parker and Welt 1972) . Many compounds which bind to SH-groups can cause the erythrocytes to become very leaky to cations resulting in loss of potassium and gain of sodium. Grinstein and Rothstein (1978) have shown that the SH-groups responsible for the changes in cation permeability are more accessible from the inside face of the membrane, and band 3, a transmembrane glycoprotein of human erythrocyte membrane, may be responsible for the permeability response to p-chloromercuriphenyl sulfonic acid. Band 3 of the human erythrocyte membrane is strongly implicated as the site of anion transport, water permeability and glucose uptake (Fukuda et al. 1978) and is shown to contain a relatively large amount of half cystine residues (Yu and Steck 1975) . Because band 3 is dimerized by the treatment with CuP as shown in the present study and is reported by Steck (1972) , and Wang and Richards (1974) , it may be expected that the intermolecular cross-linking of band 3 is related with increased membrane permeability to cations. Grinstein and Rothstein (1978) , however, could not confirm this possibility. By treating inside-out vesicles, which contained band 3, with CuP they measured the efflux of rubidium. Cross-linking of cytoplasmic SH-groups of band 3 had no effects on the cation fluxes. Another possible cause of increased membrane permeability induced by CuP might be related to Na+, K+-ATPase that catalyzes the transports of sodium and potassium across the membrane. Huang and Askari (1978) have reported that the products resulting from the treatment of the enzyme with CuP can also be obtained in the presence of copper alone. But it is not clear how much extent this cross-linking contributes to the increased membrane permeability induced by CuP. The precise mechanism by which CuP induces disturbance of membrane permeability remains to be determined.
In conclusion, it is apparent from the present study that toxic concentration of copper has several deleterious effects on the intact human erythrocytes. 
